Partition coefficients, K blood , for volatile organic compounds from air to blood have been collected for 155 compounds (air to human blood) and 127 compounds (air to rat blood). For 86 common compounds, the average error, AE, between the two sets of log K blood values is 0.12 log units, somewhat smaller than our estimated interlaboratory average SD value of around 0.16 log units. We conclude that with regard to experimental errors, there is no significant difference between K blood values in human blood and in rat blood. There are 196 compounds for which either or both K blood (human) and K blood (rat) are available. A training set of 98 compounds could be fitted with the Abraham solvation parameters with R 2 ) 0.933 and SD ) 0.34 log units. The training equation was then used to predict the test set of values with AE ) 0.04 log units, SD ) 0.33 log units, and an average absolute error, AAE, of 0.25 log units. A second training and test set yielded similar values: AE ) 0.01, SD ) 0.39, and AAE ) 0.29 log units. It is concluded that it is possible to construct an equation capable of predicting further values of log K blood to around 0.30 log units. Because the descriptors used in the correlation equations can be predicted from structure, it is now possible to predict log K blood for any chemical structure.
Introduction
The distribution of volatile organic compounds (VOCs) between air and blood is of particular interest to environmentalists and toxicologists, as evidenced by the large body of data that has been gathered . Reported data are usually presented as the air to blood partition coefficient at 37°C, K blood , or log K blood , as in eq 1
Concentrations are expressed as mol L -1 in blood and in air, so that K blood has no units and is equivalent to the Ostwald solubility coefficient. Nearly all of the available data refers to either human blood or rat blood. Quite often, these are taken as equivalent. Gargas et al. (6) , however, investigated in some detail possible differences between air to human blood and air to rat blood distribution for a group of VOCs, which included 36 common compounds. They obtained the regression shown as eq 2, where the standard deviation (SD) of the coefficients is given in parentheses. The number of data points (compounds) is N, the correlation coefficient is R, and the root-mean-square error is RMSE. Because of the intercept of -0.23 log units, Gargas et al. (6) concluded that log K blood (human) was not the same as log K blood (rat) and that in general K blood (rat) was larger than K blood (human) by a factors of 1.5-2.0.
where N ) 36, R 2 ) 0.96, and RMSE ) 0.132. This is a very important conclusion because, if correct, it would imply that correlations and predictions of air to blood distribution have to be carried out separately for the two species. However, the analysis of Gargas et al. (6) does not seem to take into account the error in the experimental values of K blood . Meulenberg and Vijverberg (7) found ratios between 1.3 and 1.7, depending on the data set. Kaneko et al. (39) measured K blood (human) and K blood (rat) for eight esters and eight alcohols and found smaller ratios of 1.08 for the esters and 1.44 for the alcohols. The first aim of this work is to investigate any difference between log K blood (human) and log K blood (rat) for an extended data set and with due regard to experimental errors.
The second aim is to attempt to obtain correlation equations that can be used for the prediction of further values of log K blood , taking human and rat data either separately or together. There have been comparatively few correlative analyses of log K blood and even fewer analyses that assess the predictive power of any correlation equations. To carry out such an assessment, it is necessary to divide the total data set into a training set and a test set. The former set is used to construct a correlation equation that is then used to predict values for the independent test set. In Table 1 are listed summaries of the statistics of correlation equations for log K blood . It should be noted that values of log K blood that have been calculated through an equation applied to a training set are often described as "predicted" values. This is not correct, and we make a firm distinction between calculated values from a training equation and predicted values for a test set that has not been used to construct the training equation. In the event, there appears to be no case of an analysis using training sets and test sets. Poulin and Krishnan (42) used an equation based on solubilities of compounds in saline and vegetable oil to calculate log K blood (rat) as true predictions, equivalent to a test set. In Table 1 are the statistics for the predictions that we have calculated for the entire set of 45 compounds used by Poulin and Krishnan (42) .
Materials and Methods
Our general method for the correlation and prediction of log Kblood values is based (43, 44) on the solvation equation, or linear free energy relationship (LFER), eq 3. In this equation, the dependent variable, SP, is log Kblood, and the independent variables are compound descriptors as follows (43, 44) : E is the solute excess molar refractivity in units of (dm 3 mol -1 )/10, S is the solute dipolarity/polarizability, A and B are the overall or summation hydrogen bond acidity and basicity, and L is the logarithm of the gas-hexadecane partition coefficient at 25°C. The coefficients in eq 3 are evaluated through multiple linear regression analysis.
The compound descriptors in eq 3 are available for some 3000 compounds and can be predicted just from structure, if required (45) . Application to the correlation of log Kblood values is straightforward; the log Kblood values are regressed against the set of descriptors in a multiple linear regression analysis. The compounds that we have studied and the log Kblood values are collected in Table 2 .
Results and Discussion

Comparison of Data on Human and Rat Blood.
We have a total of 86 compounds for which both log K blood (human) and log K blood (rat) are available, considerably more than any previous comparison. Following Gargas et al. (6) , we obtained eq 4 where N ) 86, R 2 ) 0.94, RMSE ) 0.279, and SD ) 0.280.
Plotting log K blood (human) against log K blood (rat) is actually not the most appropriate method to compare the two sets of data. It is simpler, and better, to obtain statistics on the two sets of data. These are in Table  3 ; AE is the average error (rat-human) and AAE is the average absolute error. The statistics AAE, SD, and RMSE all describe the same effect, that is, random errors; it is only the AE that indicates any bias in the two sets of data. We can conclude from AE ) 0.124 log units that the ratio between K blood (rat) and K blood (human) is about 1.3, that is, less than the ratio found by Gargas et al. (6) and near the ratios found by Poulin and Krishnan (42) .
As we have suggested, comparisons between log K blood (human) and log K blood (rat) have very little meaning without consideration of the experimental error of the measurements. Fiserova-Bergerova et al. (5) were one of the first investigators to report large discrepancies in air to blood partitions. They found that their values for gas to blood partitions for propanone and butanone appeared different from those of other investigators using methods based on the same experimental principle. They had no explanation for the discrepancies and suggested that it was possibly experimental error in the measurements.
There are not many compounds for which enough repeat measurements in different laboratories have been carried out to obtain a SD value. We have found enough data for three VOCs, however, as shown in Table 4 . The three SD values for log K blood (human) are 0.34 (propanone), 0.09 (chloroform), and 0.06 (trichloroethene), with an average of 0.16 log units. We further note that in reporting air to blood partitioning data, several authors estimated the uncertainty in their measured values based on replicate measurements. In some instances (14, 29, 40, 41) , the estimated uncertainties exceeded 0.09 log units. These uncertainties are "within laboratory" errors and will be less than interlaboratory errors. They are therefore in line with our estimate of interlaboratory SD values of 0.16 log units. On the basis of the above observations, we think it is reasonably clear that the experimental error in general will be larger (certainly not smaller) than the systematic bias between log K blood (human) and log K blood (rat), which we find is 0.124 log units over 86 compounds. Thus, the bias of 0.124 log units is smaller than experimental error and is statistically not significant. This is a very important result, because it means that data on log K blood (human) and log K blood (rat) can be combined in any correlative analysis.
Correlation and Prediction of Log K blood for Humans and Rats. In Table 2 are listed values of log K blood (human) for 155 VOCs and values of log K blood (rat) for 127 VOCs. We first correlate these separately against our descriptors, according to eq 3, and obtain where N ) 155, R 2 ) 0.94, SD ) 0.34, RMSE ) 0.332, and F ) 474, and where N ) 127, R 2 ) 0.91, SD ) 0.29, RMSE ) 0.286, 
log K blood (human) ) -0.12 (0.047) + 1.00 (0.028) log K blood (rat) (4) and F ) 242. We can compare the errors on the coefficients in eqs 5 and 6 to see if they are statistically the same or not. Details of the SD values and the 95% confidence limits are in Table 5 . The c coefficient is not the same in eqs 5 and 6, and the l coefficient is only just the same according to the 95% confidence limits. The other coefficients are statistically the same, and so, bearing in mind that the data sets are different, we conclude that the equations for log K blood (human) and log K blood (rat) are comparable. Finally, we can average the data for log K blood (human) and log K blood (rat) to yield values for 196 compounds, by far the largest data set assembled. To assess the predictive capability of any equation, we divide the data into two sets, set (i) and set (ii). We use set (i) as a training set, to obtain an equation, and set (ii) as an independent test set that is used only for predictive assessment. In order that the chemical space for the two sets is the same, each set contained 98 compounds, and we selected the sets using the method of Kennard and Stone. (46) . For the training set (i), we find that where N ) 98, R 2 ) 0.933, SD ) 0.338, RMSE ) 0.328, and F ) 257.3. Equation 7 can then be used to predict values for the 98 compounds in the test set (ii). For the predicted and experimental values, we find that SD ) 0.327, RMSE ) 0.326, AAE ) 0.255, and AE ) 0.043 log units. There is therefore no bias in the predictions using eq 7, with AE equal to only 0.043 log units.
To confirm that our predictive assessment is firmly based, we then used set (ii) as the training set and obtained the equation where N ) 98, R 2 ) 0.950, SD ) 0.295, RMSE ) 0.286, and F ) 348.9. Then, eq 8 can be used to predict values in the test set (i), for which we find SD ) 0.393, RMSE ) 0.391, AAE ) 0.293, and AE ) 0.006 log units. Taking both test sets together, there is no bias at all in the predictions, with AE ) 0.043 and 0.006 log units. The equations are capable of predicting further values of log K blood (human or rat), to around 0.30 log units, as judged from the SD and AAE values for the two test sets. This appears to be the first time that any predictive assessment of calculations for log K blood has been made through the method of training and test sets.
Finally, we can combine the test and training sets and obtain a general equation for the 196 compounds (eq 9). We suggest that eq 9 be used if predictions of log K blood (human or rat) are required.
where N ) 196, R 2 ) 0.938, SD ) 0.324, RMSE ) 0.319, and F ) 572.8. The p values for the constant and the coefficients in eq 9 are 8 × 10 -6 for the e coefficient and less than 8 × 10 -18 for the rest. We can use the data on human blood and rat blood without averaging the K blood (human) and K blood (rat) values. This leads to 282 data points but for 196 compounds. The corresponding equation is where N ) 282 (196), R 2 ) 0.927, SD ) 0.330, RMSE ) 0.323, and F ) 699.1. The coefficients in eqs 9 and 10 are almost identical. The R 2 value in eq 10 is a little less than that in eq 9, but the F statistic is much better, simply reflecting the larger number of data points.
In all of our equations based on the general equation, eq 3, we include all five variables, so that no stepwise regression is needed. The e. E term is often not significant, as shown by the p values (t-test) for eq 9 as an example. However, we prefer to retain all five terms, rather than to reduce the equation to one with four terms. There is little advantage in a four term equation as regards calculation, and there is a decided advantage in keeping all five terms when coefficients in equations are compared, as we shall do later.
The statistics for our correlation equations, eqs 7-10, are not quite as good as those for other equations summarized in Table 1 in terms of R 2 and SD. We can only compare the predictive power of our equations with results from Poulin and Krishnan (42) . We conclude that whereas our equations are expected to predict log K blood (human or rat) to 0.33 log units, the method of Poulin and Krishnan has a predictive capability of 0.58 log unitssprobably too high to be of much practical use. Previous correlation equations have used partition coefficients for air to oil and air to saline as descriptors. This restricts the number of log K blood values that can be predicted from data already available, because of lack of the required partition coefficients. In addition, no predictions can be made from structure unless log K oil and log K saline can be predicted from structure. The descriptors required for our method are available for some 3000 compounds (45), for which log K blood could be predicted immediately. In addition, the descriptors can be calculated from structure (45) , so that log K blood can be predicted for any given chemical structure.
Because the descriptors in the LFER, eq 3, refer to specific chemical interactions, the coefficients in any LFER obtained through eq 3 must be chemically realistic and must reflect the chemical properties of the solvent or condensed phase. In Table 6 are collected coefficients in eq 3 for various air to solvent partitions, together with the coefficients in eq 9. Those for the solvents are at 25°C
, rather than 37°C, but preliminary results suggest that this makes little difference (1). The solvents that blood most resembles are water and the alcohols, including ethylene glycol. Like these solvents, blood is dipolar/ polarizable (s ) 1.083) and is a strong hydrogen bond base (a ) 3.738) and a strong hydrogen bond acid (b ) 2.580). As regards the e coefficient, blood is between the water and the alcohols. More important is the l coefficient, which we take as a measure of solvent hydrophobicity. Of the solvents listed in Table 6 , alkanes, tetrachloromethane, and toluene are the most hydrophobic, as expected. Of pure solvents, water is the only one with a negative value of the l coefficient. Blood is again between the water and the alcohols and ethylene glycol, as regards hydrophobicity, not surprising considering that blood contains a collection of hydrophobic materials such as protein. It appears, therefore, that the coefficients in eq 9 are not just fitting coefficients but encode information on the chemical properties of blood that influence solubility in blood. It is not very easy to compare solvents just by inspection of coefficients, but a useful visual comparison is through principal component analysis (PCA). The five columns of coefficients in Table 6 (excluding the c constant) can be manipulated through PCA into five columns of orthogonal principal components. The first two columns of principal components contain 87% of the total information of the five columns of coefficients. A score plot of PC2 against PC1, as given in Figure 1 , then shows visually how near the coefficients are to each other and hence how near the solvents or phases are to each other in chemical terms. Ethylene glycol (no. 12) is the nearest to blood (no. 2), because it has large positive s, a, and b coefficients and a comparatively small l coefficient. Interestingly, octan-1-ol (no. 5), which is often suggested as a model for biological phases, is a poor model for blood. We can predict that any condensed phase that has large positive s, a, and b coefficients and a small negative l coefficient will be a reasonable chemical model for blood in terms of solute-condensed phase interactions. The PCA was carried out using minitab software (47) , which was also used for the various statistical analyses and multiple linear regression.
In conclusion, we show that for a large data set of air to blood partitions for VOCs it is possible to construct a statistically sound model and to assess the predictive capability of the model through selection of training and test sets of VOCs. A particular feature of the model is that the coefficients obtained are not just fitting parameters but encode chemical information about the nature of the process. This enables the air to blood process to be compared to various other air to solvent phase processes and to examine the factors that influence interactions between VOCs and blood. Table 6 . Points are numbered as in Table 6 .
